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produces a gel product [1] . The gel tends to imbibe water and can lead to expansion and progressive cracking of concrete in service. Eventually, the reaction may lead to loss of service and even failure. There are three fundamental requirements for ASR formation, namely, a source of reactive silica, sufficient alkali concentration, and sufficient moisture [2] . Reactive silica is found in reactive minerals such as opaline, chert, strained quartz, and acidic volcanic glass that may be present in aggregate sources. Alkalis are present in Portland cement commonly used to make concrete. However, other cementing materials (e.g., fly ash, slag, and silica fume), chemical admixtures, wash water, and external sources (e.g., sea water, deicing chemicals, etc.) may also provide additional amounts of alkalis for the reaction to take place. Moisture, the third essential requirement for ASR formation, is present in the pore solution, and can also permeate the concrete through interconnected porosity and cracks. Consequently, there is significant interest in the construction industry to predict, prevent, and mitigate ASR gel formation. To this end, various nondestructive testing (NDT) techniques have been developed for evaluating ASR distress in concrete. For instance, visual inspection and expansion measurements [3] can be used but require additional destructive testing to verify the source of the observed damage or strain. Linear and nonlinear acoustic-based methods [4] [5] [6] [7] have also been widely used to detect ASR-related damage in concrete, but they also require additional testing to identify the source of the material damage measured. Seismic-wave and groundpenetrating radar inspections are other techniques that have been utilized for ASR detection [8] [9] [10] . In all, ASR gel is detected indirectly through the damage caused to the structure, as opposed to detecting the presence of ASR gel directly.
Given the sensitivity of microwave signals to moisture content in dielectric materials (i.e., mortar, concrete, etc.), microwave materials characterization techniques have shown significant potential for ASR detection and evaluation. Microwave material characterization techniques have been successfully used to investigate various properties of cementbased materials including evaluation of water-to-cement (w/c), coarse aggregate-to-cement ratio (ca/c) and sandto-cement (s/c) ratio [11] [12] [13] , cure-state monitoring [14] , delamination between hardened cement paste and fiberreinforced polymer composites [15] , carbonation [16] , and chloride permeation [17] . Most recently, several different aspects of ASR gel formation have also been investigated with microwave materials characterization techniques [18] [19] [20] .
In this paper, in support of and to evaluate the capability of microwave materials characterization for ASR gel detection, an empirical dielectric mixing model is developed based on the temporally measured dielectric constant of mortar samples with and without ASR gel at R-band (1.7-2.6 GHz). As such, the dielectric constant of the individual "inclusions" (i.e., water, alkaline pore solution, air, and ASR gel) of the samples was acquired, as is explained later. Through the developed dielectric mixing model and available ground truth data, the temporal volumetric content of the constituents was iteratively obtained for two sample types, one containing ASR-reactive and one containing nonreactive aggregates. Subsequently, the results of the model, giving the effective dielectric constant of the two samples, are validated by comparing them with the temporal measured dielectric constants. The results of this investigation bring an insightful and thorough understanding to the complex process of ASR gel formation, and provide quantitative information on volumetric composition of materials affected by ASR.
II. BACKGROUND
The interaction between electromagnetic energy and dielectric materials is macroscopically described by a parameter known as the complex dielectric constant. When referenced to free-space, it is referred to as the relative dielectric constant (ε r ) and is denoted as ε r = ε r − j ε r . The real part, or relative permittivity, (ε r ) is an indication of microwave energy storage, and the imaginary part, or relative loss factor, (ε r ) indicates energy dissipation. This complex parameter is intrinsic to a given material and is independent of the measurement method. As it relates to the goal of this paper, microwave materials characterization methods can be utilized to characterize the ASR gel formation through complex dielectric constant measurements and modeling. ASR gel has a tendency to imbibe free water from its surroundings, where it can be envisioned that available free water in the pore solution is transformed as the reaction proceeds into water more tightly bound within the gel structure. Since free water has significantly different dielectric constant than that of bound water [21] , the gradual transformation of free to bound water (resulting from ASR gel formation) manifests itself as a change in the measured temporal dielectric constant of cement-based materials containing ASR gel. Therefore, microwave materials characterization techniques may be utilized to develop a new tool for ASR detection and, with appropriate models, quantification of ASR gel content.
Dielectric mixing models are physics-based models that relate the macroscopic dielectric constant of a mixture to the dielectric constant, volumetric content, and geometry of its constituents [22] . In general, dielectric mixing models can be divided into multiple categories according to their development, applications, and inclusion geometry. In development of such models, a mixture is considered to be a homogeneous medium and is comprised of a background or host medium with a dielectric constant of ε h , and within which inclusions (or phases) are randomly distributed. The medium can then be represented with an effective dielectric constant. Dielectric mixing models can be developed empirically or semiempirically, and for a single phase (inclusion) or a multiphase material. Hence, there are large number of dielectric mixing models that have been developed over the years, including, Maxwell-Garnett, power law, Polder van Santen, Wiener, and Pearce that are examples of some of the more well-known and classical dielectric mixing models [23] , [24] . In the end, all such models, and in particular those developed based on empirical factors obtained from measurements, must be experimentally validated. Such models have been used for radar remote sensing, material science, and microwave materials characterization. For instance, multiple dielectric mixing models have been applied to soil [25] [26] [27] , frozen soil [28] [29] [30] , and granular materials [31] . Several classical mixing models have also been utilized to characterize snow [32] and woody biomass [33] . Similarly, in [17] , an electromagnetic model was developed to evaluate temporal water content distribution in mortars cyclically soaked in water and dried. In this investigation, an empirical dielectric mixing model is developed for mortars with and without alkali-reactive aggregates whose dielectric constants temporally change during the ASR gel formation process.
III. MIX DESIGN AND CURING CONDITIONS
Two sets of mortar samples (three similar samples in each set for averaging purposes) with the same mix design and different crushed aggregates (i.e., ASR-reactive and nonreactive) were cast. Mortar samples deemed to contain potentially reactive aggregates experienced greater than 0.1% expansion during 14 days of ASTM C1260 testing, while those that were nonreactive did not exceed the threshold established in that standard. To accelerate the reaction, additional alkali in the form of sodium hydroxide (NaOH) was added to the mixing water, following guidance in ASTM 1293 [34] . To avoid inconsistencies in sample composition, NaOH was added to the mix water in both sets of samples. Table I summarizes the mix design of the samples.
Samples were cast in polymethylmethacrylate molds with a cross section of 10.92 cm × 5.46 cm, corresponding to the standard R-band (1.7-2.6 GHz) rectangular waveguide cross section dimensions. The length of the samples was chosen to be ∼2-3 cm (dielectric constant measurement is independent Conceptual illustration of ASR-reactive sample with dielectric constant of host (ε h ), air (ε air ), alkaline pore solution (ε as ), water (ε w ), and ASR gel (ε gel ). (not-to-scale).
of sample length). All samples were stored in ambient conditions [22°C ± 3°C, 35% ± 5% relative humidity (RH)] for 24 h after casting. Then, to provide sufficient moisture and promote ASR formation, they were placed in an environmental chamber with a temperature of 38°C ± 2°C and 85% ± 5% RH, similar to the conditions used to facilitate ASR formation in ASTM 1293 [34] . Every 2-3 days, the samples were removed from the chamber, and their complex reflection (S 11 ) and transmission (S 21 ) properties measured using a calibrated Agilent 8510C vector network analyzer. Then, the temporal dielectric constants of the samples were calculated using their measured reflection and transmission properties, following the procedure outlined in [35] . After 28 days, the samples were removed from the chamber and placed in ambient conditions, with the measurements continuing for nearly two additional months. The temporal dielectric constant measurements of the samples and the pertinent details are reported in [19] , and are not repeated here for brevity.
IV. DIELECTRIC MIXING MODEL DEVELOPMENT
In developing a mixing model for a multiphase mixture (such as these mortar samples), a host (background) material is defined, and other constituents are considered as inclusions within the host. As such, different mixing models are distinguished from each other by the number of inclusions, shape of inclusions, and other factors that might be relevant to specific problems and applications [21] . To form the model, the volume fraction of the inclusions as well as their dielectric constants are needed. In the proposed multiphase dielectric mixing model, mortar is considered as the host material, and additional water (absorbed from the humid environment), alkaline pore solution, and air are the three inclusions for nonreactive samples, while ASR gel is the additional inclusion considered for the reactive samples. Fig. 1 shows the simplified illustration of a reactive sample with the relevant inclusions.
In order to generate the base model for this investigation, several well-known dielectric mixing models including the Maxwell-Garnett, power law, and Pearce model were considered. Equation (1) shows the Maxwell-Garnett model that was initially used
As can be seen in (1), the effective dielectric constant (ε eff ) is a function of ε h (dielectric constant of the host), ε i (dielectric constants of inclusions), and v i (volumetric content of the inclusions). However, the Maxwell-Garnett (as well as the power law) model proved to be incapable of properly modeling the temporal effective dielectric constants of the samples, showing a weak correlation between modeling and measurement results. The reason for this may be attributed to the high contrast in the dielectric constants of the inclusions, as is discussed later.
Alternatively, the Pearce model was applied, and proved to be the model that most closely predicted the effective temporal dielectric constant of the samples. In all of those modeling efforts, spherical and randomly oriented inclusions were assumed since all inclusions are much smaller than the operating wavelength at R-band (1.7-2.6 GHz). The basic Pearce model, given in [24] , takes the form of
As shown, the model includes an empirical factor k, which plays a major role in its overall predictive performance. Unlike the empirical factor in the Wiener model [36] , where k is a function of the inclusions' shapes, the k factor in the Pearce model depends on other empirical properties not necessarily related to the shape of the inclusions [37] . This empirical factor k, is discussed in detail in the next section.
Due to the different exposure conditions over time (sample storage in an environmental chamber followed by exposure to ambient conditions), the moisture state of some of the inclusions changes as a function of time. This was by design, in order to allow for interrogation of the hygroscopic gel inclusions. For example, ASR gel, present during the humid (chamber) conditions, loses moisture when stored in drier ambient conditions. Hence, evaluation of dielectric constant in the same sample during both exposure periods is useful for establishing the volume of ASR gel present. Moreover, the dielectric properties of the pore solution, specifically the solution held in very fine (nanoscale) pores of the samples, may be different from that of the water which intrudes into the samples from the humid environment while in the environmental chamber. These differences in dielectric properties of the gel and moisture must also be accounted for in the mixing model. Since there is limited information in the literature about the dielectric constant of ASR gel at various moisture contents at microwave frequencies, those parameters were directly measured for incorporation into the model.
A. Alkaline Pore Solution
The addition of NaOH to the mixing water of the samples changes its dielectric constant. Furthermore, in all cementbased materials, the pore solution is similarly composed, with relatively high concentrations of alkali and hydroxyl ions, as well as smaller concentrations of other ions in the solution. As such, the dielectric constant of the pore solution is also needed.
While the dielectric properties of cement pore solution have not been previously considered in the literature, models for permittivity and loss factor for saltwater or brine -which is reasonably similar to pore solution in terms of ionic concentration-are available. Equations (3) and (4) express the permittivity (ε iw ) and loss factor (ε iw ) of brine, respectively [39] 
where, ε 0 is the permittivity of free-space, 8.854 × 10 −12 (F/m) and σ iw is the ionic conductivity (S/m). As mentioned in [39] , ionic conductivity is a function of solution temperature. Therefore, the ionic conductivity must be determined for both humid and ambient conditions. The NaOH concentration in the mix water was 18.62 g/L. Then, according to the empirical expressions outlined in [39] and [40] , the ionic conductivity of the NaOH solution is calculated to be 15.52 and 20.8 (S/m) for ambient and humid conditions, respectively. These values are consistent with ionic conductivities reported in [41] and [42] . Fig. 2 shows the calculated (based on (3) and (4), and the above-mentioned ionic conductivities in accordance to the procedures outlined in [39] and [40] ) dielectric constant of NaOH solution as a function of frequency and temperature, and at 2 GHz, those values are ε as = 44.2-j189.8 and ε as = 47-j143.6 for humid and ambient conditions, respectively.
B. Water
A model for the complex dielectric constant of water was introduced by Debye [43] . This well-established model is used here to calculate the dielectric constant of water which penetrated the samples from the moist air in the humid environment at a temperature T of 38°C, and frequency f of 2 GHz. According to the Debye model, the frequency and temperature dependence of the dielectric constant of pure water (ε w ) is given in the following:
where ε w0 = static dielectric constant of water, dimensionless; ε w∞ = high frequency limit of ε w dimensionless; τ w = relaxation time of water, (S); f = frequency (Hz).
From (5), the relative permittivity and loss factor of pure water are given in the following:
ε w = ε w∞ + ε w0 − ε w∞ 1 + (2π f τ w ) 2 (6)
It can be clearly seen from (6) and (7) that both permittivity and loss factor change as a function of frequency. However, the temperature (T ) dependence is related to the static dielectric constant (ε w0 ) and relaxation time (τ w ) of water according to the following expressions obtained by Stogryn [38] and Kelein and Swift [39] , respectively where T is in degree Celsius. Furthermore, the magnitude of ε w∞ was determined to be 4.9 by Ulaby et al. [40] . Based on this model, the dielectric constant of pure water for both (environmental humid and ambient) conditions, and at 2 GHz was determined to be ε w = 73.4-j5.2 for humid conditions, and ε w = 79.1-j8.6 for ambient conditions.
C. Air Content
Another inclusion that needs to be incorporated into the mixing model is the air content (i.e., empty porosity) of the samples. Obviously, the (relative) dielectric constant of air is equal to unity, with no loss associated with it. Therefore, the contribution of air into the mixing model is directly determined by its volumetric content, as explained in the next section.
D. ASR Gel
In cement-based materials experiencing ASR, the ASR gel product exists at varying alkali-to-silica ratios and varying moisture contents. To estimate the range in dielectric properties of the ASR gel during the various stages of the reaction and in the changing environmental conditions, twelve synthetic ASR gels were produced. The gels were prepared in the laboratory by the addition of amorphous fumed silicon (IV) oxide (300-350 m 2 /g surface area, Alfa Aesar) with concentrated solutions of sodium hydroxide (1.85M NaOH) or potassium hydroxide (1.82M KOH), prepared with deionized water and ACS-grade reagents. Six sodium-based (Na-based) and six potassium-based (K-based) gels were prepared at silica-toalkali ratios (SiO 2 /Na 2 O or SiO 2 /K 2 O) (by mass) of 0, 1, 2, 3, 4, and 5. The gels were prepared in sealed polypropylene containers, which were agitated for ten minutes after the addition of silica, following the approach outlined by Zhang et al. [44] . Samples produced with alkali-to-silica ratios of 1-3 were more fluid and those at four and five were more solid. The dielectric constant of all twelve ASR gel samples were measured using the open-ended waveguide technique, at X-band (8.2-12.4 GHz) using the method outlined in [45] . Measurements were conducted at X-band due to the limited amount of synthesized gels (an X-band waveguide probe has smaller dimensions than an R-band probe). However, the influence of frequency on the dielectric constant of ASR gel is not significant due to its relatively small volume fraction in the mortar samples, as shown in Section V. Fig. 3 shows the setup used to measure the dielectric constant of the ASR gel samples. The detailed measurement methodology and full results are reported in [46] .
Since the pore solution contains both Na + and K + ions, the average value of the twelve dielectric constant measurements was used and incorporated into the mixing model to mimic a more realistic case. The average dielectric constant of the ASR gel was determined to be ε gel = 50.27-j27.29.
V. MIXING MODEL
Having determined the dielectric constant of the inclusions, the Pearce model was used for the nonreactive samples with three inclusions (alkaline pore solution, water, and air), and for the reactive samples with the additional ASR gel, as shown in the following: Since the samples were exposed to different conditions (humid versus ambient), different empirical factors (k) were determined. These k values may represent other important chemical reactions (such as hydration effects) that might take place concurrently with formation of ASR. Equations (12)- (15) show the empirical factors incorporated into the model for each period for samples with reactive (R) and nonreactive (NR) aggregate The k values were determined through a process which involved changing both volume fractions of the inclusions and empirical factors iteratively in order to achieve a good match between the measured and modeled effective dielectric constant.
VI. VOLUME FRACTIONS AND MODELING RESULTS
During the measurement time period, the mass of mortar samples was also measured in order to determine the amount of water absorbed by the samples from the humid environment. This information is related (through the density of water) to the volume fraction of the water inclusion in this model. The percentage change in mass (with respect to the mass at the first day of each period) is shown in Fig. 4 . As can be seen, the mass of nonreactive samples increased more as compared to the reactive samples during humid condition. This may be attributed to higher air content in the nonreactive samples compared to the reactive samples (assuming pores are partially filled by ASR gel in the reactive samples), which facilitates absorption of more water by the former. From the results of Fig. 4 , the average (over the three samples of each type) volume fraction of water can be inferred accordingly, as shown in Fig. 5(a) (nonreactive) and (b) (reactive).
Most classical NDT approaches in ASR evaluation are based on linear expansion measurements, and any quantitative data on the amount of produced ASR is inadequate in those approaches [47] [48] [49] [50] . However, when reported quantitatively, those values range between 0.2%-2% as a function of aggregate, alkali content, environmental conditions, and other factors [51] . As such, this range was used as a starting point to determine ASR gel volume in the mixing model. Subsequently, those volume fractions were adjusted (iteratively) to obtain the best match between the modeled and measured dielectric constant. The resulting gel temporal volume fraction determined for the reactive samples during the humid and ambient periods is shown in Fig. 5(b) .
The other important volume fraction is that of alkaline pore solution. Since NaOH was used in the mixing water of both sets of samples, the initial (first day) volume fraction of alkali solution is assumed to be the same for both sample types. However, the rate of change (of the pore solution fraction), determined empirically through the iterative process, is different for the two sample types. The temporal volume fraction of pore solution is shown in Fig. 5 (a) (nonreactive) and (b) (reactive).
Out of the four inclusions, the only volume fraction that could be measured directly was the air content (bulk porosity) of the samples. Following the approach outlined in [52] , the air content of the samples was measured (after completion of the measurements) to be 5.3%, on average. This value was incorporated into the model initially as starting point. However, the final air content values [shown in Fig. 5 (a) and (b)] were iteratively adjusted in accordance with the changes of the other inclusions in order to achieve a good match between the measured and modeled effective dielectric constant. A decrease in air content (during humid conditions) signifies that it has become filled with either (absorbed) water or ASR gel.
Related to the porosity of the samples is the relationship between the volume fractions of air and absorbed water. For the nonreactive samples, as shown in Fig. 5(a) , during both humid and ambient conditions, the changes in these two quantities are mutually compensating. In other words, a reduction in air content of the samples corresponds to an identical increase volume fraction of water, and vice versa. This trend represents how the empty or air-filled pores are filled with water taken into the sample from the humid environment. On the other hand, when the samples were kept in ambient conditions, the additional water within the pores evaporates. As a result, the volume fraction of air increases accordingly (representing the water lost through evaporation).
Comparing the changes in temporal volume fraction of alkaline pore solution in the nonreactive samples versus the reactive samples, it can be clearly seen that the amount of available pore solution is reduced faster in the reactive samples. This may be an indication of a higher tendency of the reactive samples to incorporate available water and pore solution cations and hydroxyl ions into the ASR gel. Comparing the amount of absorbed water within the two types of samples, it can be seen that reactive samples gained less water from the humid environment compared to the nonreactive samples. This trend is consistent with measured sample mass shown in Fig. 4 , and is an indication of higher air content in nonreactive samples compared to reactive samples. As was the case for the nonreactive samples, during the ambient conditions for the reactive samples, the changes in air and absorbed water volume fractions are also mutually compensating, indicating replacement of one by the other. Moreover, for the reactive samples, the air content does not reach the same values as it does for the nonreactive samples. The reason for this may be attributed to the assumption that some of the pores are (totally or partially) filled with ASR gel in the reactive samples, while in the nonreactive there is no ASR gel.
Finally, based on the obtained volume fractions and dielectric constants of the inclusions, the modeled and measured complex dielectric constants for both sample types are shown in Fig. 6(a) and (b) . As can be seen, the ASR-reactive and nonreactive samples are clearly distinguishable through microwave dielectric measurements. In addition, the presented mixing model is capable of closely predicting the effective dielectric constants of the sample. As mentioned earlier, since the main purpose of this paper was to quantify the volume fraction of the inclusions in ASR-reactive mortars, the comprehensive (qualitative) discussion of the temporal behavior of the measured dielectric constants of the two sample types (across three different frequency bands) is not repeated here for brevity, and the reader is encouraged to [19] for further details.
VII. CONCLUDING REMARKS
Through this investigation, a comprehensive multiphase dielectric mixing model was developed for mortar samples with ASR-reactive and nonreactive aggregates. The model was based on the temporal changes of the dielectric constant and volumetric content of the inclusions. The dielectric constant of the inclusions was either obtained through available models (as a function of frequency, temperature, and ionic conductivity) or measured directly. To validate the model, the modeled temporal dielectric constant was compared to the measured temporal dielectric constant of the samples at 2 GHz (R-band), and a good agreement was observed.
It must be emphasized that, due to the complicated process of ASR gel formation and other chemical properties associated with cement-based materials (i.e., hydration, environmental interactions etc.,) which may vary from one mix design to another, any proposed dielectric mixing model needs be modified accordingly. Finally, the results of this investigation provide a new insight into ASR evolution from a microwave materials characterization standpoint, and the model can be further utilized as part of the development of a microwave nondestructive technique for evaluating ASR gel formation in existing cement-based infrastructure. 
